Plasmodium falciparum causes the virulent form of malaria and disease manifestations are linked to growth inside infected erythrocytes. To survive and evade host responses the parasite remodels the erythrocyte by exporting several hundred effector proteins beyond the surrounding parasitophorous vacuole membrane. A feature of exported proteins is a pentameric motif (RxLxE/Q/D) that is a substrate for an unknown protease. Here we show that the protein responsible for cleavage of this motif is plasmepsin V (PMV), an aspartic acid protease located in the endoplasmic reticulum. PMV cleavage reveals the export signal (xE/Q/D) at the amino terminus of cargo proteins. Expression of an identical mature protein with xQ at the N terminus generated by signal peptidase was not exported, demonstrating that PMV activity is essential and linked with other key export events. Identification of the protease responsible for export into erythrocytes provides a novel target for therapeutic intervention against this devastating disease.
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Malaria is a disease of global importance causing significant morbidity and death 1 . Plasmodium falciparum is responsible for the lethal form of malaria and morphological changes occur in infected erythrocytes altering physical properties and impairing circulation 2 . Parasitized erythrocytes become rigid and adhere to different cell types and this has a pivotal role in complications of P. falciparum malaria 3, 4 . As the parasite develops inside the erythrocyte over 300 effector proteins are exported to the host 5, 6 , some of which associate with the cytoskeleton 7 or are inserted into the host membrane [8] [9] [10] and these alter the mechanical and adhesive properties of infected erythrocytes 11 . Trafficking of parasite proteins to erythrocytes is a multi-step process involving entry into the endoplasmic reticulum (ER) and trafficking to the cell surface followed by translocation across the parasitophorous vacuole membrane (PVM) into the erythrocyte or assembly into membranous structures (Maurer's clefts) to reach their destinations 12 (Supplementary Fig. 1 ). The P. falciparum translocon of exported proteins (PTEX, Plasmodium translocon of exported proteins) complex is associated with the PVM and appears to be responsible for export across this barrier 13 .
For export beyond the PVM of infected erythrocytes, or hepatocytes by liver stage parasites, P. falciparum employs a signal sequence for ER entry followed by a motif termed PEXEL (Plasmodium export element) or vacuolar translocation signal, which is conserved across Plasmodium spp. 5, 6 . The motif allowed identification of exported proteins in Plasmodium spp., revealing that 5-8% of parasite proteins are destined for export 14, 15 . The PEXEL consists of the pentameric sequence RxLxE/ Q/D that is processed after the conserved leucine, and N-acetylated in the ER of the parasite 16, 17 . The parasite protease responsible for cleavage of the PEXEL remains unknown, although signal peptidase has been suggested as a candidate 16 . Because successful export to the host relies on the PEXEL motif 5, 6, 17, 18 , the protease responsible for processing would be a crucial part of the export machinery and its identification provides an important target for development of novel antimalarials.
PMV is an ER protease that cleaves PEXEL To identify candidate proteases responsible for PEXEL processing we used features of the cleavage site to predict the type of enzyme involved. We noted that human immunodeficiency virus (HIV)-1 aspartic acid protease cleaved substrate proteins within a motif similar to PEXEL 19, 20 , indicating that the Plasmodium enzyme shares similarity with it. To test this we incubated inhibitors of HIV-1 protease in culture with P. falciparum-infected erythrocytes and monitored PEXEL cleavage. PEXEL processing was reduced in the presence of lopinavir, nelfinavir, ritonavir and saquinavir for PfEMP3-and knob associated histidine-rich (KAHRP)-green fluorescent protein conjugated (GFP) proteins ( Fig. 1a-f ). Although the inhibition was inefficient it indicated that PEXEL processing might involve a protease similar to HIV-1 aspartic acid protease. Sensitivity of signal peptidase was assessed using the inhibitors with acyl carrier protein signal sequence (ACPs)-GFP 21 . This transgenic protein lacks a PEXEL and is secreted into the parasitophorous vacuole 21 . In contrast to the PEXEL-containing proteins, we observed no detectable reduction in processing of the signal sequence from the ACPs-GFP chimaera with inhibitors ( Fig. 1g -i). We conclude that the PEXEL protease is not the parasite signal peptidase but involves a unique protease belonging to the aspartic acid family.
A list of candidate aspartic acid proteases was generated from the P. falciparum genome on the basis of first, expression in blood and liver stages of the parasite 22, 23 , second, the presence of a signal sequence for ER entry, and third, specificity to Plasmodia spp. because the PEXEL is absent from closely related apicomplexans 14 . PMV (PF13_0133), a putative aspartic acid protease localizing to the ER that is functionally divergent to other members of the plasmepsin family, satisfied our criteria 24 . To investigate the function of PMV, we introduced a haemagglutinin (HA) tag at the carboxy terminus (3D7-PMVHA) ( Fig. 2a ). HA-tagged PMV localized to the ER 25 , as has been shown previously for the endogenous protein 24 (Fig. 2b) .
To determine if PMV could cleave PEXEL substrates we immunoprecipitated the HA-tagged protease (ipPMVHA) and incubated KAHRP peptides containing either a wild-type PEXEL or mutations that interfere with cleavage ( Fig. 2e) 17 . The resulting peptides were separated by reversed-phase high-pressure liquid chromatography (RP-HPLC) and analysed by nano liquid chromatography tandem mass spectrometry (LC-MS/MS) ( Fig. 2e , h, i). Incubation of the KAHRP peptide with ipPMVHA produced two major peptide species ( Fig. 2e ; first panel) derived from cleavage within the PEXEL after leucine ( Fig. 2e, h) . In contrast, mutation of the conserved amino acids RRA, LRA or RLQRA resulted in no cleavage ( Fig. 2e, i) , consistent with the properties of the PEXEL cleaving protease in vivo 17 . Furthermore, mutation of the conserved fifth amino acid (QRA) did not inhibit cleavage ( Fig. 2e ), corroborating our previous data that this residue is not required for PEXEL processing 17 . To verify that the PEXEL cleavage was due to PMV, and not other coprecipitated proteases, we constructed P. falciparum transgenic parasites that either conditionally or constitutively expressed an inactive form of PMV tagged with HA (PMVmutHA and PMVmutHA2, respectively). We confirmed expression and ER localization of PMVmutHA (Fig. 2c, d ) and the immunoprecipitated proteins (ipPMVmutHA or ipPMVmutHA2) were incubated with KAHRP peptides and no processing occurred ( Fig. 2e and Supplementary Fig. 2 ). Transgenic parasites were generated that expressed HA-tagged plasmepsin IX (PF14_0281) (3D7-PMIXHA), another member of the aspartic acid protease family in P. falciparum. Immunoprecipitated plasmepsin IX (ipPMIXHA) could not process the KAHRP peptide ( Fig. 2e, f) . ipPMVHA also cleaved a recombinant GBP130 protein to the expected size ( Fig. 2g ) as well as a quenched fluorescent substrate of nine amino acids ( Fig. 3a) , both of which contained a PEXEL. Mutation of conserved amino acids in the PEXEL blocked cleavage of both substrates (Figs 2g and 3a) . The HIV protease inhibitor lopinavir reduced PMV activity by 19.1% (P 5 0.0145; Fig. 3b ), consistent with in vivo inhibition of PEXEL cleavage of PfEMP3-and KAHRP-GFP ( Fig. 1) . Taken together, these results show that PMV specifically cleaves the PEXEL and has the functional specificity expected of the PEXEL protease.
To provide further evidence that PMV was responsible for PEXEL cleavage we expressed amino acids 37 to 521 in Escherichia coli with an N-terminal hexa-His fusion tag. The recombinant PMV was extracted from inclusion bodies and purified on NiNTA under denaturing conditions and further fractionated using RP-HPLC ( Fig. 3c ). Individual fractions were analysed using SDS-PAGE ( Fig. 3d ) or transferred to nitrocellulose and probed with anti-PMV antibodies (Fig. 3e ). A major band was observed at approximately 55 kDa (fraction number 3, 4 and 5) and smaller processed forms of PMV were also detected (fractions 2-3) indicating N-terminal processing (Fig. 3e , f) occurred either by the protease itself or other E. coli proteases present in the purified inclusion bodies. Processed forms of ipPMVHA are also detectable in immunoblots, suggesting that one may be the activated form ( Supplementary Fig. 3 ). Recombinant protein fractions was assayed for PEXEL cleavage using KAHRP peptides and PEXELspecific activity was observed with fractions 2 and 3, which contained the processed form of PMV ( Fig. 3c-g and Supplementary Fig. 4 ). This data suggests that a recombinant, N-terminally truncated form of PMV can cleave the PEXEL motif.
PMV directs export of effector proteins at the ER The PEXEL motif is required for export to infected erythrocytes 5,6,17,18 , so we next determined the importance of PMV for export in vivo. First, we investigated the importance of signal peptidase in export by mutating the PEXEL RRA in the normally exported protein, PfEMP3-GFP, to assess whether the signal sequence was processed. The mutant was retained in the ER as a full-length integral membrane protein by its signal peptide, which was not cleaved by signal peptidase (Fig. 4a) , as we have shown previously for KAHRP 17 , indicating that signal peptidase is not essential for trafficking. This highlights the important role PMV has in freeing cargo proteins from the ER membrane by processing the PEXEL (Fig. 4a ). Additionally, we previously showed that the non-exported protein MSP3 is exported if the signal sequence is fused to a PEXEL 26 , indicating that PMV is the dominant protease over signal peptidase in determining the final destination of proteins. Second, we determined if the Plasmepsin V orthologous gene in Plasmodium berghei (PbPMV) could be disrupted, as the transfection methodology for this rodent malaria is more efficient than in P. falciparum, providing a more robust test of essentiality. Three attempts to disrupt the PbPMV gene in P. berghei were unsuccessful, indicating that it is essential ( Supplementary Fig. 5 ). Third, we determined that PMV directly binds exported proteins in vivo by immunoprecipitation of the HA-tagged enzyme and proteomic analysis of interacting proteins. This showed that PMV was specifically immunoprecipitated and, importantly, that PEXEL-containing proteins (PF10_0159, MAL7P1.172 and PFE0060w) specifically coprecipitated with the protease (Fig. 4b and Supplementary Fig. 6 ). Fourth, we constructed transgenic parasites expressing a protein that would functionally bypass PMV. A control PfEMP3-GFP transgenic line was constructed expressing a protein that would be cleaved within the PEXEL by PMV to reveal the acetylated export signal Ac xQ (Fig. 4c ). The second construct was based on PfEMP3-GFP but had a modified signal peptidase cleavage site and no PEXEL RxL, so it would be cleaved by signal peptidase to reveal the same mature protein (Fig. 4d ). We confirmed that both processed proteins had Ac xQ at the N terminus and were identical at the C terminus ( Fig. 4e-h) . Additionally, mass spectrometry of trypsin-cleaved peptides across regions of each protein was consistent with their being identical ( Supplementary Fig. 7 ). The export profile of the two mature proteins was dramatically different: PMV-processed PfEMP3-GFP was efficiently exported to the erythrocyte whereas signal peptidase-cleaved PfEMP3xQ-GFP accumulated in the parasitophorous vacuole ( Fig. 4i ). Therefore, revealing the N-terminal signal for export ( Ac xE/Q/D) alone is not sufficient to reach the host cell; PMV must cleave the PEXEL and it then directs the next step in export to the host cell.
Role of PMV in export of P. falciparum proteins How might PMV direct export of proteins into P. falciparuminfected erythrocytes? PMV has an N-terminal signal sequence for ER entry and a C-terminal transmembrane sequence such that it would be inserted into the ER membrane with the protease domain protruding into the lumen 24 ( Supplementary Fig. 1 ). The signal sequences of exported proteins would direct cotranslational insertion into the ER membrane but are not efficiently cleaved 17 (Fig. 4a) , indicating that the PEXEL is recognized, bound and cleaved before signal peptidase identifies its cleavage site. That Ac xE/Q/D alone is insufficient for export strongly indicates that PMV functions in a complex with another protein(s) that has exclusive access to PMVmatured cargo. We propose that this access may assist in sorting mature cargo to a subset of vesicles for trafficking to discrete domains of the parasitophorous vacuole in a manner distinct from general secretion but dependent on xE/Q/D 13, 17 (Supplementary Fig. 1 ). Consistent with this is localization of the PTEX translocon on the parasitophorous vacuole membrane in discrete domains 13 .
PMV is conserved in Plasmodium spp., including Plasmodium vivax 27, 28 , but is absent from higher eukaryotes; its identification as a critical enzyme for protein export provides an important target for development of novel antimalarials. HIV-1 protease inhibitors have been very successful treatments in the combat against HIV and so these inhibitors may provide a platform for the design of novel antimalarial compounds intended to impede the function of this important malarial protease.
METHODS SUMMARY
Transgenic parasites expressed PfEMP3-GFP or PfEMP3 RRA -GFP chimaeras from plasmids pPfEMP3 WT Glux.1 or PfEMP3 RRA Glux.1, respectively. Transgenic parasites expressing KAHRP-GFP contained the plasmid pKAHRPGlux.1, comprising DNA encoding residues 1-96 of KAHRP (PFB0100c). Parasites expressing ACPs-GFP were described previously 21 . Parasites expressing PfEMP3xQ-GFP contained the plasmid pPfEMP3xQGlux.1, encoding residues 1-36 of PfEMP3, followed by an alanine (to allow for signal peptidase cleavage at IYSEA-) and residues 63-82 of PfEMP3 (which include residues 63 aQ 64 of the PEXEL) cloned into pGlux.1. The plasmids pPMVHA1.2 and pPMIXHA1.2 were integrated into either the PMV locus (PF13_0133) or plasmepsin IX locus (PF14_0281), respectively, to append HA tags. The transgenic parasites 3D7-PMVmutHA episomally expressed plasmid pTETPMVmutHA, which contains DNA encoding PMV with D118A, D365A and F370A substitutions fused to the same tags as in 3D7-PMVHA, cloned into the anhydrotetracycline (ATc) regulatable plasmid pTGFP 29 . The same DNA encoding PMV with D118A, D365A and F370A substitutions fused to HA, but with alternate cloning sites, was cloned into pGlux.1, removing GFP, to create pPMVmutHA2. This plasmid contains the constitutively expressed crt promoter and is noninducible. Recombinant GBP130 or GBP130 RLERA was expressed in E. coli harbouring plasmids pGBP130-3Cmyc18His or pGBP130-3A-3Cmyc18His, respectively, which encodes residues 66-196 of GBP130 (containing the wild-type or mutant PEXEL). Recombinant PMV was expressed in E. coli harbouring plasmid pHisPMVtrunc, which contains DNA encoding residues 37-521 of PMV cloned into pProExHTb.
PMV activity was assayed either with anti-HA beads containing ipPMVHA or ipPMVmutHA or 3-5 mg of HPLC-eluted protein added to the reaction that contained either PEXEL peptide substrate, recombinant PEXEL substrate or fluorogenic PEXEL peptide substrate. Digest reactions were analysed by HPLC and LC-MS/MS, immunoblot and fluorescence intensity, respectively. y (6) b0 (7) b (7) y* (7) y (7) [ 
